Although centrosomes serve to organize microtubules in most cell types, oocyte spindles form and mediate meiotic chromosome segregation in their absence. Here, we used highresolution imaging of both bipolar and experimentally generated monopolar spindles in Caenorhabditis elegans to reveal a surprising organization of microtubules and chromosomes within acentrosomal structures. We found that homologous chromosome pairs (bivalents) are surrounded by microtubule bundles running along their sides, whereas microtubule density is extremely low at chromosome ends despite a high concentration of kinetochore proteins at those regions. Furthermore, we found that the chromokinesin KLP-19 (kinesinlike protein 19) is targeted to a ring around the centre of each bivalent and provides a polar ejection force that is required for congression. Together, these observations create a new picture of chromosome-microtubule association in acentrosomal spindles and reveal a mechanism by which metaphase alignment can be achieved using this organization. Specifically, we propose that ensheathment by lateral microtubule bundles places spatial constraints on the chromosomes, thereby promoting biorientation, and that localized motors mediate movement along these bundles, thereby promoting alignment.
In mitotically dividing cells, duplicated centrosomes are used as structural cues to define and organize the spindle poles. These centrosomes nucleate microtubules that capture the sister kinetochores of each chromosome, facilitating chromosome biorientation and congression 1 . In contrast, during meiosis in female animals the centrosomes are degraded before the meiotic divisions, and therefore oocyte spindles form in their absence. How these spindles are organized and the mechanisms by which chromosomes become bioriented and align are poorly understood. We used C. elegans oocyte meiosis as an in vivo model for investigating these mechanisms.
In the course of an RNAi (RNA-mediated interference) screen designed to identify factors involved in the assembly of the oocyte spindle ( Supplementary Information, Fig. S1 ), we identified two proteins required for acentrosomal spindle bipolarity. Depletion of either KLP-18 (kinesin-like protein of the kinesin-12 family) or a new protein, C28C12.2 (which we named meiotic spindle 1, or MESP-1), resulted in the formation of aster-like microtubule arrays (Figs 1a, 2a); we demonstrated that these asters were monopolar spindles by using an antibody against ASPM-1 (abnormal spindle and primary microcephaly) as a pole marker ( Fig. 1b ; Supplementary Information, Fig. S2 ). The ability to induce monopolar acentrosomal spindles in vivo represents a powerful experimental tool, as analogous approaches have proven valuable for investigating the function of centrosome-containing spindles [2] [3] [4] . In this study, we exploited this tool to probe acentrosomal spindle organization.
High-resolution imaging of monopolar oocyte spindles uncovered a notable and unexpected feature of chromosome-microtubule organization. Specifically, live imaging of green fluorescent protein (GFP)tubulin and GFP-histone revealed that robust microtubule bundles run along the sides of and surround each of the six bivalents, whereas microtubule density is extremely low at the ends of the chromosomes (Fig. 2a ). This organization was especially evident when examining a z-stack of images and focusing on the focal planes immediately surrounding each bivalent (Supplementary Information, Movie 1). Although it is possible that a relatively small number of microtubules contact the bivalent ends, by quantifying pixel intensities we measured up to a 60-fold higher density in the ensheathing microtubule bundles compared with the region adjacent to the bivalent end ( Supplementary Information, Fig. S3 ). This notable difference indicates that lateral microtubule bundles ensheathing the chromosomes are a predominant feature of acentrosomal spindle organization. The same organization was observed in meiosis II monopolar spindles, which contain 12 individual chromosomes since homologues separate in meisosis I but a polar body does not form (Fig. 1b) 5 . Importantly, chromosomes on monopolar spindles were oriented such that their long axes were parallel to the microtubule bundles ( Supplementary Information, Fig. S4A ). This organization results in an arrangement in which homologues (in meiosis I) or sister chromatids (in meiosis II) are pointed in opposite directions, apparently constrained by the microtubule bundles that ensheath them.
Although these features of spindle organization were first detected in monopolar spindles, they were also observed in bipolar oocyte spindles. Prometaphase and metaphase spindles were imaged live using a C. elegans strain expressing GFP-tubulin and mCherry-histone ( Fig. 2b ; Supplementary Information, Movie 2), and also in fixed embryos ( Fig. 2c ). In both cases, we observed microtubule bundles ensheathing the chromosomes and a dearth of microtubule density at chromosome ends. These findings indicate that lateral associations of microtubules with chromosomes predominate in C. elegans acentrosomal oocyte spindles during prometaphase and metaphase. Interestingly, parallel microtubule bundles also surrounded the chromosomes at earlier stages, before a bipolar spindle was apparent (data not shown). This observation indicates that ensheathment by microtubule bundles can constrain chromosome orientation as spindles are forming, so that when bundles align in the plane of the spindle to establish bipolarity, the chromosomes will naturally biorient (here, biorientation refers to an arrangement where chromosomes are oriented axially on the spindle such that the homologues, in meiosis I, or sister chromatids, in meiosis II, are pointing towards opposite spindle poles) 6 . Thus, laterally associated microtubule bundles could serve both as a major mode of chromosome association with the spindle and as a mechanism for placing spatial constraints on the chromosomes that facilitate biorientation.
Imaging of C. elegans holocentric kinetochores during oocyte meiosis revealed an abundance of kinetochore proteins surrounding the ends of the bivalents 7, 8 in regions where microtubule density was very low (Fig. 2d ). In contrast, centrosome-containing male meiotic spindles had regions of high microtubule density immediately adjacent to the kinetochores at chromosome ends during prometaphase and metaphase ( Fig. 2e ; Supplementary Information, Fig. S5 ), suggesting that kinetochore-microtubule interactions are abundant during these stages in spermatocyte meiosis. Furthermore, whereas oocyte spindles had regions of high microtubule density extending across their centres (23/23 spindles), we found a paucity of microtubule density at the centres of spermatocyte spindles ( Fig. 2e ; Supplementary Information, Fig. S5 ; 27/28 spindles), which is consistent with a substantial fraction of microtubules terminating at the chromosomes. These contrasting results suggest that acentrosomal and centrosome-containing meiotic spindles differ with respect to the predominant mode of chromosome association with spindle microtubules. Additionally, the marked difference in microtubule density adjacent to kinetochores suggests that a substantial portion of the kinetochore material on oocyte bivalents may not support microtubule attachments during chromosome congression.
These findings raised the question of how chromosomes align on acentrosomal spindles, as classic congression models emphasize a contribution from forces provided by dynamic microtubules embedded in kinetochores 1 . Given the low density of microtubules at chromosome ends, we hypothesized that chromokinesins (which also contribute to congression during mitosis) 9 might provide a driving force to move chromosomes along lateral microtubule bundles. We focused on KLP-19, as it provides a polar ejection force to push chromosomes towards the metaphase plate during mitosis and localizes to the mid-bivalent (where homologues are connected by chiasmata) during meiosis I (ref. 10). High-resolution imaging of KLP-19 on prometaphase/metaphase oocyte spindles revealed that it forms a ring around the centre of each bivalent (in meiosis I) and around the sister chromatid interface (in meiosis II; Fig. 3a and data not shown). As these domains ultimately align at the metaphase plate, localization of KLP-19 to a ring around these regions makes it a good candidate for promoting congression through interaction with the microtubule bundles surrounding the chromosomes. To assess effects on chromosome alignment, we used a C. elegans strain containing a temperature-sensitive mutation affecting the anaphase promoting complex (APC) to enrich for metaphase I spindles. Although RNAi-induced KLP-19 depletion did not prevent ensheathment of bivalents by microtubule bundles or cause chromosome orientation defects ( Fig. S4b ), we observed severe defects in metaphase alignment ( Fig. 4a ), indicating a role for this chromokinesin in congression. Furthermore, depletion of KLP-19 on monopolar oocyte spindles (generated by KLP-18 depletion) caused the bivalents to be found closer to the centre of each aster (Fig. 4b ), indicating that KLP-19 provides a polar ejection force that moves chromosomes towards microtubule plus-ends. These findings support the hypothesis that KLP-19 contributes to congression on acentrosomal spindles by providing a polar ejection force to move chromosomes along lateral microtubule bundles towards the metaphase plate.
Given that chromokinesins associate broadly with non-kinetochore chromatin during mitosis 9,10 , our finding that KLP-19 is concentrated in a mid-bivalent ring during meiosis led us to speculate that the targeting of KLP-19 to this location may be important for its activity or regulation. As the chromosome passenger complex (CPC) localizes to the mid-bivalent (meiosis I) and the sister chromatid interface (meiosis II) [11] [12] [13] [14] [15] , we assessed the relationship between this complex and KLP-19. The CPC consists of the AIR-2 (aurora/IpI1-related kinase), ICP-1 Fig. 3a and data not shown), as has been shown previously for the CPC. To determine whether KLP-19 localization is CPC-dependent, we depleted ICP-1 using RNAi, which causes the removal of AIR-2 (ref. 16 ; Supplementary Information, Fig. S6C ) and other CPC components 15 from chromosomes. Under these conditions, KLP-19 spread all over the chromosomes and partially onto the spindle ( Fig. 3b ) and we observed severe chromosome congression defects, similar to those elicited by klp-19 RNAi (Fig. 4a ). These results indicate that the CPC is required to restrict KLP-19 to the rings around meiotic chromosomes. Furthermore, although it is possible that the CPC contributes to chromosome alignment in other ways, these findings are consistent with the hypothesis that concentration of KLP-19 into this ring configuration is required for proper congression.
Taken together, our data support a model in which chromosome congression on the C. elegans acentrosomal oocyte spindle is driven primarily by movement of chromosomes along laterally associated microtubule bundles. In this model ( Fig. 5 ), ensheathment of chromosomes by microtubule bundles imposes spatial constraints that result in biorientation. Additionally, plus-end directed motors targeted to the mid-bivalent during meiosis I (or to the sister-chromatid interface during meiosis II) interact with antiparallel microtubule bundles in the spindle. In principle, metaphase alignment could be achieved in this context primarily by attaining a balance of anti-poleward forces driving chromosomes towards the plus ends of these overlapping In contrast to oocyte meiosis, high microtubule density is observed adjacent to kinetochores at chromosome ends, and microtubule density is low at the spindles centres. Scale bars, 2 μm. bundles. However, it is likely that opposing poleward forces also operate at this stage, as chromosomes are not ejected from monopolar spindles (where microtubule plus-ends are oriented towards the outside). Given the predominance of lateral microtubule-chromosome associations in acentrosomal spindles, we suggest that such poleward forces may also be mediated through lateral interactions. Several features of the proposed mechanisms by which lateral microtubule interactions promote chromosome alignment during oocyte meiosis are quite distinct from the ways in which lateral associations aid biorientation and congression during mitosis. During mitotic prometaphase in yeast 17 and vertebrate cells [18] [19] [20] , kinetochores initially associate with the lateral surfaces of microtubules and these associations can then be converted into end-on attachments. Additionally, when a chromosome is monooriented in mammalian cells, movement of the chromosome towards the metaphase plate along the sides of microtubules can promote capture of the unattached kinetochore by microtubules emanating from the opposite pole, resulting in biorientation 21 . In contrast, acentrosomal spindles must form and achieve biorientation and congression in the absence of pre-defined spindle poles; therefore a 'search and capture' strategy is not thought to be used 1 . Instead, we propose that lateral associations play several roles that together promote chromosome alignment. First, ensheathment of chromosomes between parallel microtubule bundles promotes biorientation by constraining the orientation of meiotic chromosomes such that homologous chromosomes (in meiosis I), or sister chromatids (in meiosis II), point in opposite directions, even in the context of monopolar spindles (where bipolar tension is not applied to the bivalents). Furthermore, targeting of motors involved in congression to the domains where cohesion will be released during the meiotic divisions ensures that these regions will be aligned on the metaphase plate, thereby promoting accurate chromosome segregation. An important feature of this model, distinguishing it from models involving centrosome-containing spindles, is that it requires neither capture of kinetochores by microtubule ends, nor forces generated by microtubules associated with chromosome ends, to achieve chromosome biorientation or congression.
Control RNAi
Although our model provides a mechanism by which chromosomes can orient and align without a requirement for kinetochore-microtubule end attachments, it is possible that kinetochore proteins located on the sides of the bivalent do contribute to the ensheathment of chromosomes by lateral microtubule bundles. Consistent with this possibility, depletion of kinetochore components during oocyte meiosis causes defects in bivalent orientation (J. Dumont and A. Desai, personal communication). However, a potential involvement of kinetochore proteins in mediating lateral associations is compatible with our model, as such interactions could promote chromosome ensheathment and orientation even in the absence of spindle bipolarity.
The view of chromosome-microtubule organization that has emerged from our analysis of C. elegans oocyte meiosis is likely to be relevant for acentrosomal spindles in general. Images of wild-type and mutant oocyte spindles in Drosophila melanogaster are consistent with the possibility that their bivalents are also encased by laterally associated microtubule bundles [22] [23] [24] [25] . Moreover, features of our model may help explain the previous intriguing observation that in mouse oocytes, both substantial congression and biorientation of bivalents occur several hours before the establishment of detectable end-on microtubule-kinetochore associations 26, 27 . Although it had been assumed that biorientation in this context was mediated by unstable microtubule associations in the vicinity of kinetochores, in light of our current findings we suggest an alternative view. Specifically, we envision that bivalents in mouse oocytes may be similarly ensheathed by lateral microtubule bundles and that this may enable congression and biorientation of bivalents (without requiring kinetochore-microtubule end attachments), as described in our proposed model (Fig. 5 ). During meiosis in mouse oocytes, kinetochores eventually interact with microtubule ends and form kinetochore fibres just before the metaphase to anaphase transition 26 . It is possible that such end-on interactions are also established in C. elegans oocytes and could provide a poleward force to drive anaphase A. Alternatively, chromosome segregation could be accomplished by chromosome movement along laterally associated microtubule bundles, using the proposed poleward force that opposes KLP-19 during prometaphase. Under either scenario, we suggest that removal of KLP-19 (and regulatory factors such as the CPC) from chromosomes at anaphase may contribute to their separation to the spindle poles by relieving the forces that push them to the metaphase plate.
In addition to providing a new view of how chromosome congression is achieved on acentrosomal spindles, our studies identified two proteins (KLP-18 and MESP-1) required for spindle bipolarity. Although the Kinesin-12 family motor KLP-18 is known to be required for oocyte spindle assembly 5 , our high-resolution analysis allowed us to ascribe a specific role for this protein in the establishment and/or maintenance of bipolarity. This finding is intriguing given previous work in Xenopus laevis egg extracts. While addition of a dominant-negative form of Xenopus Kinesin-12 to extracts caused bipolarity defects 28 , immunodepletion did not significantly affect spindle assembly 29, 30 , leading to confusion about the function of this motor. In light of our findings, we speculate that Kinesin-12 motors may have a conserved role in promoting bipolarity, but that their contributions may be masked in some organisms by Kinesin-5 (which functions in bipolarity establishment and maintenance) 31 . Intriguingly, recent Xenopus experiments have revealed conditions where spindle bipolarity can be achieved in the absence of Kinesin-5 function 32, 33 ; it will be interesting to test whether Kinesin-12 provides this activity. Thus, analysis of spindle assembly in C. elegans (an organism where Kinesin-5 does not dominate) 34 provided an opportunity to identify new factors promoting bipolarity and we expect that future studies of these proteins will shed light on how bipolarity is established in the absence of centrosomes. Moreover, the ability to induce the formation of monopolar acentrosomal spindles will be a valuable tool for future studies of chromosome dynamics during oocyte meiosis.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturecellbiology/. A pair of homologous chromosomes is depicted in light and dark blue. During mid prophase, a single crossover recombination event occurs between parallelaligned homologues (far left). During late prophase, the chromosomes condense and reorganize into a cruciform bivalent structure in which the homologues are linked by a chiasma, a structure resulting from the crossover in combination with sister chromatid cohesion (middle-left); as the crossover usually occurs at an off-centre position, the bivalent contains long and short arms. Before the initiation of the meiotic divisions, the bivalent condenses further (making the short arms difficult to distinguish) and the holocentric kinetochore (orange) forms around each half of the bivalent (middle-right). By prometaphase, KLP-19 (red) forms a ring around the centre of the bivalent. In meiosis II, the homologues are separate (far right). The kinetochore forms around each sister chromatid, and KLP-19 forms a ring at the interface between the sisters. (b) Model of chromosome congression on acentrosomal spindles. Parallel microtubule bundles ensheath meiotic chromosomes, promoting biorientation. KLP-19 (red) forms a ring around these chromosomes and provides a force to move them along lateral microtubule bundles towards microtubule plus ends. Chromosomes align at the metaphase plate by achieving a balance of forces resulting from lateral associations of chromosomes with overlapping antiparallel microtubule bundles associated with opposite spindle poles. The regions of the chromosomes around which KLP-19 forms a ring during prometaphase and metaphase are the domains where sister chromatid cohesion will be released at the corresponding meiotic division. This localization of congression-promoting motors ensures that these chromosomal domains will be aligned on the metaphase plate, thereby promoting homologue segregation (at anaphase I) or sister chromatid segregation (at anaphase II). RNAi. Individual RNAi clones picked from an RNAi feeding library 36,37 were used to inoculate Luria broth + ampicillin (100 μg ml -1 ) for overnight cultures. These saturated cultures were used to seed nematode growth media (NGM) plates containing ampicillin (100 μg ml -1 ) and IPTG (isopropyl-β-dthiogalactopyranoside;1 mM). Plates were left at room temperature overnight to induce double-stranded RNA formation. The next day, L1 worms synchronized by bleaching were plated and grown to adulthood at 15 °C for five days. Control plates were seeded with bacteria containing an empty feeding library vector (L4440).
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M E T H O D S
Immunofluorescence. Immunofluorescence was performed as described previously 8, 38 High-resolution imaging. For live imaging, GFP-or mCherry-expressing worms were mounted on Multitest slides (MP Biomedicals). Each worm was picked onto a drop of M9 buffer containing tricaine (0.1%) and tetramisole 40 (0.01%), a coverslip was laid on top and the slide was imaged immediately. Deltavision deconvolution microscopy with a 100× objective was used for both live and fixed imaging. Image stacks were obtained at 0.2 μm z-steps for fixed samples and 0.3 μm for live imaging, deconvolved and projected for presentation. Except where noted, images are full projections of data stacks encompassing the entire meiotic spindle. In some cases, partial projections are displayed to highlight particular features of spindle organization. Movies show individual z-sections displayed at two sections per second. Control and RNAi worms were processed in parallel and image exposure times were kept constant within each experiment.
To quantitatively compare the fluorescence intensities of microtubules ensheathing the chromosomes with fluorescence adjacent to the bivalent ends, individual pixel intensities within a 4×33-34 pixel area spanning the ensheathing microtubule bundles in the vicinity of the bivalent ends were determined and plotted using softWoRx software (Applied Precision; Supplementary Information,  Fig. S3 ). Pixel intensities in the domains outside the ensheathing microtubule bundles were averaged for each image, and these average values were then subtracted from the dataset. These subtracted values were used to calculate ratios between the peak intensity of each ensheathing bundle and the region of minimum intensity between the bundles.
Quantification. For quantification of bivalent orientation, worms expressing GFP-histone and GFP-tubulin were fixed in ethanol by picking worms onto a slide, adding ethanol (100%) and letting the ethanol evaporate (this ethanol step was performed three times before adding mounting media). This fixation preserved GFP fluorescence and allowed high-resolution images to be acquired. For monopolar spindles (generated by klp-18 RNAi), chromosome orientation was determined by tracing a line from the centre of each aster through the midpoint of each bivalent. A second line was then drawn mirroring the long axis of each bivalent, and the angle between the two lines was measured ( Supplementary  Information, Fig. S4 ). For bipolar spindles, bivalents were classified either as oriented or not oriented; bivalents were considered to be oriented if their long axes were parallel with the spindle axis.
For quantification of RNAi phenotypes, APC-arrested worms expressing GFP-histone and GFP-tubulin were mounted live and visualized using a 63× objective with a Zeiss Axioplan II microscope. Although the APC-arrest conditions yielded a row of embryos arrested at metaphase I, only the most recently fertilized embryo from each gonad arm (the +1 embryo, next to the spermatheca) was analysed to avoid the possibility of problems introduced by prolonged arrest. For quantitation of chromosome congression, only embryos that had assembled bipolar spindles were considered. A subset of +1 embryos in both control and experimental worms had disorganized microtubule arrays, presumably reflecting earlier stages of spindle assembly. For klp-19 RNAi, the fractions of embryos in this excluded class were similar to control worms in both experiments (experiment 1: control 51.1%, klp-19 RNAi 48%, P = 0.77; experiment 2: control 29%, klp-19 RNAi 25.9%, P = 0.64). However, icp-1 RNAi embryos showed an increase in disorganized arrays, possibly reflecting additional roles for ICP-1 (experiment 1: control 51.1%, icp-1 RNAi 61.7%, P = 0.15; experiment 2: control 29%, icp-1 RNAi 52.9%, P = 0.0004). In experiments assessing chromosome positions on monopolar spindles, all +1 embryos in both control (klp-18 RNAi) and experimental (klp-18 RNAi; klp-19 RNAi) worms showed clear aster-like monopolar spindles, suggesting that monopolar spindles form immediately after initiation of the meiotic divisions. :histone and containing a temperature-sensitive mutation affecting the Anaphase Promoting Complex (emb-27ts) were bleached to release embryos. These embryos were allowed to hatch overnight to synchronize L1-stage worms, which were then transferred to RNAi plates and incubated for 5 days at 15°C. Gravid adult worms from these plates were then shifted to 25°C for 5-7 hours to induce the APC arrest, resulting in embryos arrested at metaphase I. Live worms were then mounted for microscopy and visually screened for defects in the organization of the oocyte spindle. (b) Examples of normal and abnormal spindles observed in the primary screen. Metaphase I-arrested embryos expressing GFP::tubulin and GFP::histone in control (left) and klp-18(RNAi) (right) worms. The most recently arrested embryo (+1) was screened for defects in spindle morphology. In the control, a bipolar spindle with chromosomes aligned at the metaphase plate is clearly visible in the +1 embryo. In the klp-18(RNAi) worm, microtubules are found in abnormal aster-like structures (rather than bipolar spindles). Spindles in +2 embryos often appeared to have collapsed due to the prolonged arrest and were therefore excluded from analysis. Following the primary screen, candidates were rescreened without the APC arrest using high-resolution imaging (Fig. 1 ).
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starting strain: AV335 , b) , and spindle poles as well as kinetochores in mitotic one-cell stage embryos (c). We find that aspm-1(RNAi) disrupts oocyte meiotic spindle organization (b, right) and that the ASPM-1 antibody does not stain the disorganized poles. However, residual staining at kinetochores and mid-bivalents was not eliminated, indicating that it may not correspond to ASPM-1. The fact that defined poles lacking ASPM-1 staining are present in mitotic spindles following aspm-1(RNAi) (c) indicates that pole staining is ASPM-1-dependent. The aspm-1(RNAi) image shown in c is an earlier stage embryo than the control, chosen to highlight the residual staining at individual kinetochores. Scale bar, 2 µm (a); 5 µm (b,c). 
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Figure S4
A. . Approximately 800 genes that were previously annotated as embryonic lethal in a genome-wide screen 2 were chosen to be tested in our targeted screen, as this class contained two genes, mei-1 and mei-2, previously shown to be required for normal organization of the oocyte spindle [3] [4] [5] .
A schematic of the RNAi screen is shown in Figure S1A . Individual clones selected from an RNAi feeding library 2, 6 were used to inoculate 3 ml overnight LB/100 µg/ml Amp cultures.
These saturated cultures were then used to seed NGM plates containing 100 µg/ml Amp and 1 mM IPTG; plates were left at room temperature overnight to induce dsRNA formation. The next day, L1 worms (synchronized by bleaching adults 7 and then letting the embryos hatch overnight on a plate without food) were put on the RNAi plates, and the worms were grown to adulthood by placing the plates at 15°C for 5 days.
Prior to screening worms for spindle defects, the RNAi plates were shifted to 25°C for 5-7 hours to arrest embryos in metaphase of meiosis I. Live worms were then mounted on a slide and their fertilized embryos were screened (using the 63X objective of a Zeiss Axioplan II microscope) for defects in oocyte meiotic spindle organization. Although the APC arrest induced a row of embryos arrested at metaphase I, only the most recently arrested embryos were analyzed to avoid potential problems associated with prolonged arrest. This primary screen successfully identified mei-1 and mei-2 as genes required for proper spindle morphology, validating the rationale for the screen. Candidates from the primary screen are being rescreened to confirm perturbation of spindle organization and to better define the nature of the spindle defects elicited by RNAi. Rescreening is being conducted using high-resolution Deltavision deconvolution imaging in the absence of the APC arrest.
In the primary screen stage, we identified two candidates (klp-18 and C28C12.2) for which RNAi caused the formation of abnormal aster-like structures (Fig. S1B ). For both of these genes, high-resolution imaging at the rescreening stage and subsequent immunofluorescence analysis demonstrated that the aster-like structures elicited by RNAi were monopolar spindles ( Fig. 1 ). KLP-18 was known to be required for normal oocyte spindle formation 8 , but previous analysis had not revealed the organization of the aberrant structures that formed following KLP-18 depletion. Our high-resolution imaging allowed us to ascribe a specific role for this protein in promoting spindle bipolarity. Since C28C12.2 is a novel gene, we named it mesp-1 (meiotic spindle 1). MESP-1 is a member of a rapidly evolving protein family whose members exhibit high sequence divergence within the Caenorhabditis genus and that includes multiple paralogues in other Caenorhabditis species. MESP-1 does not contain any recognized predicted functional domains.
